Abstract
Network Coding Principles Figure 1. Example of Network Coding in Butterfly Diagram
To explain the idea underlying network coding, the famous butterfly examples shown in Fig.1 is used to illustrate the basic principle of network coding.
Consider the scenario in Fig.1 , where node S1 wants to send packet a to both D1 and D2, and node S2 wants to send packet b to the same two receivers. Assume each link has the packet loss ratio of zero, and capacity of one packet per unit of time. Then if the intermediate nodes uses store/forward approach, R1 will be the bottleneck, since it only sends a to R1 or b to R2 in sequence and the total number of transmissions is 6. If R1 codes a and b (e.g. a⊕b) and send a⊕b to R2, D1 and D2 could obtain a and b in every time unit. Therefore, network coding reduces the number of needed transmissions.
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Figure 2. Taxonomy of Network Coding based Routings for WMNs
For the sake of clarity, Fig.2 illustrates the taxonomy of NC based routing. In Fig.2 , network coding based routing are divided into two sub-categories: inter-flow network coding based approaches and network coding based hybrid approaches. The later one is divided into three sub-categories: hybrid of inter-flow and intra-flow NC approach, hybrid of inter-flow NC and opportunistic routing (OR) [6] , hybrid of intra-flow NC and OR. The listed solutions will be analyzed in details in the following sections.
Inter-Flow NC based Routing
COPE
COPE [19] is the first practical and representative network coding based routing for WMNs, before which research on network coding is mainly theoretical and focuses on multicast issue. In COPE, two typical topologies (chain topology and "X" topology) existing coding opportunities are investigated. These two coding topologies are components of many other coding topologies and the basic of coding opportunity detection.
In COPE, every node uses ETX [9] as route metric to discover routes and then finds the coding opportunities among routes according to the basic coding topologies when forwarding packets. If node finds there exists coding opportunity, it will code the packets. However, there are two drawbacks in coding opportunity detection of COPE. The coding topologies in COPE are limited within twohop range. In addition, COPE separates the process of route discovery and coding opportunity detection which neglects many potential coding opportunities.
Coding-Aware Series
Though COPE leverages network coding to improve network throughput, the coding opportunities in COPE are critically depend on the traffic pattern and exploited passively among routes. In a word, COPE could not proactively change routing of flows to create more coding opportunities, which motivates some improvements [20] [21] [22] [23] of COPE, i.e. coding aware approaches.
ROCX
ROCX (Routing with Opportunistically Coded Exchanges) [20] first proposed the concept of coding-aware, which means that node could detect potential coding opportunities and change routes to increase coding opportunities. Besides, ROCX used route metric called ECX that captures the expected number of coded transmissions needed for a successful exchange of packets between two nodes via an intermediate node. Based on ECX, ROCX uses linear programming to optimize the routing.
CAMP
CAMP (Coding-Aware Multi-Path Routing) [21] combines the idea of coding-aware with multi-path, which uses ETX as route metric to discover multiple paths to destination and split traffic among these paths dynamically based on path reliability and coding opportunity. The most important point is that CAMP could actively create instead of passively waiting for coding opportunity by switching its path among the multiple discovered paths to maximize gain without the usage of opportunistic overhearing.
To measure the tradeoff between the achieved coding gain and the loss from changing the best path to the suboptimal one, CAMP proposed concept of path switching gain, which is used to quantitatively decide which path should be switched to utilize the coding opportunity judiciously.
RCR
Most network coding based routings assume that flows participating in network coding have the same data rate, which is unpractical. RCR (Rate-adaptive Coding-aware Routing) [22] attempted to solve the problem of rate assignment in multi-path coding-aware routing algorithm.
For this purpose, RCR proposed a node-centric routing metric, called RTN (Required Transmission Number). The traffic splitting among paths in RCR, on one hand increases coding opportunities routes, on the other hand meets the requirements of coding rate adaptation and congestion avoiding.
DCAR
DCAR (Distributed Coding-Aware Routing) [23] pointed out that COPE has two fundamental limitations due to the separation of coding discovery and routing discovery. Coding opportunity in COPE, on one hand crucially depends on the routes, on the other hand is limited within a two-hop region only. To address these two limitations, DCAR proposed a coding-aware path discover mechanism, called "Coding+Routing", and first stated the necessary and sufficient conditions of network coding to facilitate the detection of coding opportunity. DCAR also proposed routing metric, CRM (Coding-aware Routing Metric), which facilitates the performance comparison between "codingpossible" and "coding-impossible" paths. DCAR could discover high throughput paths with coding opportunities and detect coding opportunities on the entire path, thus eliminating the "two-hop" coding limitations in COPE.
MMSR
Review of Network Coding based Routing Algorithm for Wireless Mesh Networks Xing Shao, Ru-chuan Wang MMSR (Markovian Metric Source Routing) [24] proposed a solution from a novel prospective. To model the reduction of channel resource consumption due to network coding, MMSR proposed Markovian metric, which takes into account the effect of network coding in reducing the transmissions and leads to routing decisions that can better take advantage of network coding. To facilitate the routes computation using Markovian route metric, called ERC (Expect Resource Consumption), MMSR also introduced the construction of Dot Graph, which reflects the conditioned metric is lower than unconditioned metric because of reduction in resource consumption for the usage of network coding and makes the route computation uniform.
NC based Hybrid Routing
Hybrid of Inter-Flow and Intra-Flow NC
Researches have shown that inter-flow network coding could increase throughput of network, while intra-flow network coding could provide better reliability. It is easy for us to think of such a question: whether we could integrate these two kinds network coding in routing algorithm. I 2 MIX (Intra-flow and Inter-flow MIXing) [25] is the first routing that addresses the integration of inter-flow and intra-flow network coding in order to benefit from both of them. To facilitate the introduction of I 2 MIX, [25] first proposed IMIX which only exploited intra-flow network coding and OSPR (Opportunistic Single-Path Routing), and find routes with more hops to increase the number of overhearing transmissions. In I 2 MIX, packets from all flows are coded together at each node. Besides the benefits in IMIX and COPE, I
2 MIX also discussed three unique benefits due to integration of two kinds of network coding: linear coding gain, early-forwarder gain and gossip gain.
Hybrid of Inter-Flow NC and OR
Opportunistic routing (OR) was first proposed in [6] which takes advantage of the broadcast nature of wireless medium and explores forwarding capacity of all intermediate nodes that overhear packets. In recent years, researches have shown that OR could also improve the throughput of WMNs significantly. In contrast to traditional routing, OR broadcasts packet first and then selects the one that received the packet and closest to the destination as the next hop. Thus the routes in OR is decided dynamically during the packet forwarding and the node closest to destination is selected as next hop, which guarantee the performance improvement.
There is a lot of attempt to combine NC and OR. In this section, the hybrid routing that combines inter-flow NC and OR is discussed, while the hybrid routing that integrates intra-flow NC and OR is investigated in next section.
XCOR
XCOR (NC with Opportunistic Routing) [26] is based on SOAR [27] which is an opportunistic routing and designed to facilitate multiple flows, thus easy to integrate with inter-flow network coding. As other OR, in XCOR packets are broadcasted at each hop and the node closest to destination in ETX is given the priority to forward the received packets immediately, which solve the problem of duplicate transmissions in OR. To depict the coding gain, XCOR proposed utility gain.
In [25] , I 2 MIX claims that combining opportunistic routing with inter-flow NC is not feasible, because the routes in OR is not predetermined, while inter-flow NC need fixed path routing. To solve this problem, XCOR uses reception reports and detects the coding opportunity dynamically.
Each intermediate node checks packets from different flows and codes them if the utility obtained after coding is larger than that of without coding. Simulation results show that equipped with both two techniques, XCOR could exploit their individual potential and synergy.
CORE
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An observation that coding gain is obtainable if the node with most coding opportunity in forwarder candidates is selected as next hop in opportunistic routing, motivates the design of CORE (Codingaware Opportunistic Routing Mechanism) [28] , which combines hop-by-hop opportunistic forwarding and localized inter-flow network coding for improving the throughput performance of WMNs.
In CORE, when a node has a packet to send, it simply broadcasts the packet. The forwarder candidates receiving the packet collaborate to select the next forwarder with the most coding opportunities among them in a localized manner. This hop-by-hop packet forwarding process is repeated until the packet reaches its destination.
On one hand, CORE selects the node with the most coding gain in forwarder candidates to forward packets through opportunistic forwarding; on the other hand, CORE attempts to maximize the coding gain in a single transmission through localized network coding. Thus, CORE could benefit from both opportunistic routing and inter-flow network coding.
Hybrid of Intra-Flow NC and OR
In opportunistic routing, the coordination among intermediate forwarders to avoid duplicated packet transmission, is a complex problem and influences the resource consumption and performance of OR. However, the complex negotiation among forwarders is not feasible in lossy networks. Besides, the coordination among forwarder candidates in OR prevents spatial reuse and thus underutilize the wireless medium. The solution to this problem is not satisfied until the hybrid routing that combines intra-flow random linear network coding and OR was proposed, which eliminates the coordination problem in OR.
MORE
To address the coordination in OR, MORE (MAC-independent Opportunistic Routing and Encoding) [29] exploits random linear network coding in packet transmitting, which could eliminate the possibility of useless duplicated transmission and inter-candidate coordination.
MORE uses a file transmission example to explain its routing process. At the source, the file to be transmitted is broken up into batches of K native packets. Then the source creates a random linear combination of the K native packets in the current batch and broadcast the coded packet. In MORE, the transmitted packets are all coded and the coefficients of coding are transmitted with packets. When an intermediate node receives a packet, it first checks the linearly independence between the coding vector of the received packet and that of packets stored in its buffers. If their relationship is linearly independence, i.e. the received packet is innovative to this node, it will accept the packet. Otherwise, it will discard it. When the destination has received K linearly independence packets of the same batch, it will decode them and send an acknowledgement to the source to inform it move onto next batch.
The checking of linearly independence between packets avoids the forwarding of duplicated and useless transmission. Thus, MORE needs no special coordination among forwarder candidates. Besides, for the existence of spatial reuse, MORE could achieve significant performance improvement compared with traditional OR. However, there still exist some uninnovative packet transmissions in MORE which consumed much bandwidth resource.
CodeOR
In inter-flow network coding, node encodes the packets received from other nodes currently. However, in the intra-flow network coding of MORE, the source needs to split the file into multiple batches and encode only packets of the same batch. The source only transmits the packets of the same batch until receiving the acknowledgment for the batch, which degrades performance of MORE as the network size scales up.
Only one batch of packets transmitting degrades the routing performance, while too much batches transmitting concurrently may lead to congestion. To solve this problem, Lin etc. introduced the sliding window mechanism of TCP flow control into MORE and proposed a novel routing, CodeOR(Coding in Opportunistic Routing) [30] . In CodeOR, each node maintains a sending window to limit that only packets of batches in the window could be transmitted in the entire network. Besides, CodeOR uses end-to-end acknowledgement (E-ACK) and hop-by-hop acknowledgement (H-ACK). E-ACK is transmitted to the source only when batch i and all batches before i have been decoded at the destination to inform that source node could move the sending window to the i+1. A node uses H-ACK to notify its upstream nodes that a sufficient number of coded packets has been received in a batch, so that the upstream node can start to transmit new batches and avoid redundant transmission. By transmitting multiple batches of a window simultaneously, CodeOR substantially improves the performance of MORE and is particular suitable for large scale network.
CCACK
MORE has a problem that transmission of unneeded packets leads to waste of bandwidth which makes it impossible for MORE to realize the maximum possible gains. The prior solutions leverage credit mechanism using measurements of offline loss rates to control the transmission of coded packets, which leads to their performance heavily depend on the accuracy and freshness of the loss rate measurements, while CCACK (Cumulative Coded Acknowledgement) [31] , an improved version of MORE, proposed an approach oblivious to loss rates.
The approach is called Cumulative Coded Acknowledgement scheme and allows nodes to acknowledge network coded traffic to their upstream nodes in a simple way, oblivious to loss rates, and with practically zero overhead. Knowing which packet has been received by forwarder candidates, upstream node will send only those packets innovative to forwarder candidates and avoid unnecessary transmission, thus save bandwidth. In addition, the scheme enables an efficient credit-based rate control algorithm. In this section, the representative aspects of previous discussed various solutions are summarized in Table 1 . The table further clarifies the main features of these solutions and provides a noticeable comparison between these approaches.
Comparison of Typical NC based Routing Algorithm
Conclusion
In this paper, the taxonomy of existing network coding based routing for WMNs is presented. Then typical network coding based routing algorithms for WMNs are reviewed in order of category by analyzing their representative features, relative strength and weakness. Although significant performance improvement in throughput and reliability has been obtained, several research problems in network coding based routing are still open, such as the combination of coding gain and traditional routing metric, impact of traffic patterns, rate adaption, tradeoff between coding opportunity increasing and load balancing, and so on. Solutions to these problems will motivate the further progress of network coding based routing for WMNs.
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